The cellular basis of the hypersensitivity of the S (blue) cone system in patients with enhanced S cone syndrome was examined by analyzing ERGs from three patients. The patients had large a-waves in response to the blue and white flashes. These a-waves were shown to be driven nearly entirely by the S cones. Although these S cone a-waves were 4-6 times the size of the normal L/M cone a-wave, they are of the same form, and could be quantitatively described with the same model previously shown to fit cone a-waves. We propose that the retina of these patients has many more S cones than the normal retina and that these cones replace some of the normal L/M cones and many of the rods.
INTRODUCTION
Enhanced S cone syndrome (ESCS) is an inherited retinal degenerative disease characterized by nightblindness and by hypersensitivity of the S (blue) cone system (Jacobson, Marmor, Kemp & Knighton, 1990; Jacobson, Romfin, Romzin, Gass & Parker, 1991; Marmor, Jacobson, Foerster, Kellner & Weleber, 1990) . These patients can have ERGs with a negative component (a-wave) that is as large or larger than the normal, dark-adapted, rod a-wave even in the presence of a background field (Gouras, Mackay, Evers & Eggers, 1985; Fishman & Peachey, 1989; Marmor, 1989; Marmor et al., 1990; Jacobson et al., 1991 Jacobson et al., , 1990 Kellner, Zrenner, Sadowski & Foerster, 1993; Perlman, Leibu & Barth, 1993) . Although once thought to be generated by the rods (Gouras et al., 1985; Fishman & Peachey, 1989; Marmor, 1989; Perlman et al., 1993) , psychophysical, electroretinographic, and densitometric measures all point to a severely depressed rod system . The supernormal ERGs in these patients are mediated largely, if not entirely, by the S cones Marmor et al., 1990; . ESCS takes its name from these large responses and from the demonstration that these patients can have heightened S cone system sensitivity as measured psychophysically . The M and L cone systems in these patients, on the other hand, exhibit smaller than normal ERGs and reduced psychophysical sensitivity.
The cellular basis of the enhanced S cone sensitivity is not known, but various receptoral and postreceptoral mechanisms have been suggested Marmor et al., 1990; KeUner et al., 1993) .
The a-waves of the ERGs of these patients may supply a clue as to the cellular basis of ESCS. The leading edge of the a-wave provides a measure of the amplitude and sensitivity of the photoreceptor activity. Although the a-wave has been used for years as an indicator of the viability of the receptors, the technology for relating a-wave amplitudes to response properties of the human photoreceptors is relatively new. Hood and Birch (1990a,b) showed that the leading edge of the a-wave to relatively intense flashes is described by the same mathematical equations that describe the responses from single primate rods (Baylor, Nunn & Schnapf, 1984; Kraft, Schneeweis & Schnapf, 1993) . It is now possible to test hypotheses about the number of rod receptors responding and the sensitivity of their transduction mechanisms (Hood, Shady & Birch, 1993; Breton, Schueller, Lamb & Pugh, 1994; Hood & Birch, 1994a) . More recently, the human cone a-wave was shown to be fitted by an equation that differs from those fitted to the rod a-waves (Hood & Birch, 1993a) . Now cone photoreceptor activity can be quantitatively distinguished from rod photoreceptor activity.
In the current study high intensity flashes were used to record ERGs from three patients with ESCS. The leading edge of the a-waves were fitted with the equation previously shown to fit rod a-waves and with the equation that describes cone a-waves, to determine whether the a-waves in these patients are mediated by receptors with properties that are cone-like as opposed to rod-like. 
METHODS

Subjects
The three patients in this study were diagnosed as having ESCS based on clinical, psychophysical and ERG criteria Marmor et al., 1990) . Patient 1 (P1) is a 6-yr-old boy from an autosomal recessive pedigree with ESCS (Lubinski, Romdn & Jacobson, 1992) . On ophthalmoscopy there are superficial cysts and deep yellow lesions across a wide extent of retina. Patient 2 (P2) is a 15-yr-old female simplex patient with cystoid changes and yellow flecks in the macula. Patient 3 (P3) is a 50-yr-old woman from another autosomal recessive pedigree with ESCS (Lubinski et al., 1992) . Ophthalmoscopy shows cystoid changes in the macula and yellow flecks below the optic disk; other clinical and ERG findings in this patient have been reported (patient 8 in Jacobson et al., 1991; patient 3 in Rom~in & Jacobson, 1991) . Two normal subjects (ages 48 and 50 yr) were also included in this study. The tenets of the Declaration of Helsinki were followed and all subjects gave informed consent after a full explanation of the procedures was given.
Electroretinography
White (W96, Wratten filter, Kodak Corp.), blue (W98), orange (W 16) and red (W26) flashes were presented upon a "white" adapting field of 30 cd/m 2. A wide range of flash energies was provided by neutral density filters (Wratten). The relative energies of the flashes are expressed in log units of attenuation relative to the maximum flash energy for each spectral filter. Two high intensity xenon flash sources were used: a V283 flash tube and a SB4 power supply (Vivitar Corp.) for patient 3 and a MW8QV flash tube a 2401B power supply (Speedotron Corp) for patients 1 and 2 and the normal subjects. Both produced flashes of approx. 1.5 msec duration; the Vivitar flashes were about 0.2 log unit more intense with equivalent filters. The illuminances of the full intensity flashes and the Speedotron source were: 3.36 (W96), 1.14 (W98), 3.11 blue (W98) white ( Fitting the models. Two equations were fitted to the * Equation (1) provides a good fit to the leading edge of the cone a-wave for values of i × St up to at least 107.5, for larger values there is a consistent deviation that becomes progressively larger as flash energy is increased (Hood & Birch, 1993b , 1994b . Hood and Birch (1994b) showed that a better fit could be obtained at the high flash energies, without sacrificing the fit at lower flash energies, with a model that includes equation (2) followed by a single stage of low-pass filtering. For most purposes the computationally simpler model of equation (1) 
where the a m p l i t u d e P3 is a function of flash energy i and time t after flash onset. Sc and Sr are sensitivity p a r a m e t e r s that scale flash energy i; Rmp3 is the m a x i m u m response;
and td is a brief delay. E q u a t i o n (1)* has been previously shown to provide a g o o d fit to the leading edge of the L / M cone, but not the rod, a-wave ( H o o d & Birch, 1993a ( H o o d & Birch, , 1994b ; while equation (2) The leading edge of the a-waves were fitted with equations (1) and (2) by estimating one set of p a r a m e t e r s (td, S, Rmp3) ( H o o d & Birch, 1993b ( H o o d & Birch, , 1994a . The responses were truncated at 11.7 msec for the L / M cone responses to the red flashes and at 18 msec for the responses from the patients to the blue flashes to take advantage of the more prolonged a-wave. Truncating the responses to the blue flashes at 11.7 msec yielded nearly equivalent fits; the average value of log Rm was 0.02 lower and the average value of log S was 0.14 higher. The responses from the three patients elicited by the blue and white flashes show the characteristically large, negative ERGs previously reported. By comparison the responses from the normal subject (upper panels of Fig. 1 ) are typical of the photopic ERG. The maximum a-wave amplitudes for the three patients are about 600 (P1 and P3) and 400 btV (P2). These a-waves are equal to or greater than the maximum, rod-driven a-wave of about 400/~V measured for dark-adapted normal subjects in the same system (Cideciyan & Jacobson, 1993; Jacobson, Kemp, Cideciyan, Macke, Sung & Nathans, 1995) . For the normal subject, the light-adapted, a-wave reaches a maximum of just under 100/~V independent of the spectral composition of the flash.
RESULTS
S cone driven responses
For the patients, the responses to the blue and white flashes appear similar and become progressively larger and faster as flash energy is increased. In Fig. 3 , the first 20msec of the responses to white and blue flashes producing approximately equal S cone quantal catch are compared. The full-intensity white flash is estimated to be 0.67 log unit more effective for the S cones than is the full-intensity blue flash. The responses (solid curves) to three blue flashes (0, -0.64, and -1.22 ) are compared to the responses (dashed curves) to three white flashes (-0.64, -1.22, and -1.90) that are approximately equal in S cone stimulation. For the three patients, the responses to the matched S cone flashes fall together. For the normal subject (upper-left panel), the white flashes are far more effective than the blue as would be expected from responses largely driven by L and M cones.
For comparison, consider the possibility that the patients' light-adapted responses are driven by the rods, as was originally hypothesized (Gouras et al., 1985; Fishman & Peachey, 1989; Marmor, 1989) and still occasionally suggested (Perlman et al., 1993) . The full intensity white flash is about 1.30 log units more effective for the rods than is the blue flash. If rod-driven, the response to the blue flash of 0 log unit should fall approximately with the response to the white flash of -1.22. Similarly, the responses to the blue -0.64 and white -1.90 should fall together. They do not. In fact The maximum a-wave amplitudes for the L/M cones are small relative to the S cone driven response, about 50/~V for P1 and P3 and about 60 #V for P2. The a-wave responses to the high intensity white flashes have a maximum contribution from these cones. [The full intensity white flashes are slightly (0.25 log unit) more effective for the L/M cones than is the orange flash.] But, the maximum L/M cone contribution is a small percentage of the response amplitude, under 10% for P1 and P3 and 15% in the case of P3. Based upon a similar analysis as in Fig. 3 , the first 20 msec of the response to the blue flash has no detectable contribution from the L/M cones.
Cone-like behavior
The S cones totally control the responses to blue flashes and overwhelmingly dominate the responses to the white flashes. But, do they act like normal cones? In Fig. 4 the solid curves are the responses from patient P1 to white flashes. (See the figure caption for the relative flash energies.) In the left panel the dashed curves are a normal subject's responses to red (W26) flashes presented on a 30 cd/m 2 field. Such responses have been shown to be driven by the L/M cones over the range of flash energies used (Hood & Birch, 1993a , 1994b . These cone a-waves were all multiplied by a factor of 5. To quantitatively determine whether the a-wave of the ESCS patients are rod-or cone-like, the models previously fitted to normal rod and cone a-waves were fitted to the responses to the blue flashes. The solid curves in the top panels of (2) and the right panels of Fig. 5 ]. The theoretical curves were fitted to the first 11.6 msec of the responses, although they are shown for the full 20 msec. As has been previously shown (Hood & Birch, 1993a) , equation (1) (cone model) provides a reasonable fit to these data while the fit of the rod model [equation (2) The fits to patient l's responses to the blue flashes are shown in the bottom panels of Fig. 5 . The dashed curves are the theoretical fits of the rod and cone models as in the case of the normal subject. Like the normal subject's responses, the a-waves from P1 are well fitted by the cone model. The rod model does not fit as well. More importantly, the fit of the rod model deviates from Pl's response in the same fashion as it does in the case of the normal subject's responses. The theoretical curves fall to the left of the responses to the higher flash energies and to the right for lower flash energies.
The same pattern of results can be seen for the other two patients in Fig. 6 . Although the S cone a-waves are 4-6 times larger than the normal L/M cone a-waves they are of the same quantitative form. (2)] a-wave models are fitted to the leading edge of the a-waves from a normal observer (top panels) and from patient PI (bottom panels). The responses from the normal observer were elicited with red (W26) flashes of -0.77, -1.12, -1.41, -1.70, and -1.94 log relative energy where zero log relative energy is 2.41 log cd-sec/m 2. The responses from P2 were elicited with blue (W98) flashes of 0, -0.29, -0.64, -0.93, and -1.22 log relative energy where zero log relative energy is 1.14 log cd-sec/m 2. The dashed curves are the fit of equations (1) (left panels) and (2) (right panels). The parameters of best fit for equation (1) [log Sc (sec3(cd-sec/m2)~), Rrnp3 (/tV), ta (msec)] were 3.82, -99, 2.2 for the normal observer and 3.68, -595, 1 for PI. The parameters of best fit for equation (2) [log Sr (sec2(scot cd-sec/m2)-~), Rmp3 (/iV), td (msec)] were 1.58, -92, 2.7 for the normal observer and 1.50, -609, 1.6 for PI.
The L/M cones in ESCS
The left panel of Fig. 7 shows the responses to the red flash for patient P2 (upper-right panel of Fig. 2 ). The dashed curve shows the fit of the cone model [equation (1)] to these responses. The records in the right panel are from a normal subject in response to the same series of flash energies and displayed with the same scales. For both subjects the first 11.6 msec of the responses were fitted but the theoretical curve is shown for 20 msec. Based upon the fit of the model, the patient's L/M driven a-wave has a maximum response of -59/iV which is 37% smaller than the normal shown on the right and 30% smaller than the mean (83.8 _+ 8.8/~V) of a group of seven normals. The value of log Swas about 0.4 log unit less sensitive than the mean of this same group of normals and fell just outside the estimate of the 95% confidence limit. The data of the other two patients do not allow a good estimate of log S as too few responses were averaged. But, the maximum amplitude can be estimated and it was about 50 #V or about 40% smaller than the mean of the normals. Thus, although we cannot be certain that the sensitivity (log S) of the L/M cones in these patients is normal, we can conclude that the maximum response of the L/M cones is reduced.
Notice that although the cone a-wave is of the same general shape in the normal and the patient, the post receptoral components of the ERG are markedly different.
DISCUSSION
The patients with ESCS in the present study show the key characteristics previously described for this syndrome. The ERG elicited by flashes rich in short wavelength light (e.g. the blue and white flashes) produce larger than normal a-waves while red flashes produce smaller than normal ERGs (Gouras et al., 1985; Fishman & Peachey, 1989; Marmor, 1989; Jacobson et al., 1990 Jacobson et al., , 1991 Marmot et al., 1990; Romfin & Jacobson, 1991; Kellner et al., 1993; Perlman et al., 1993) . The evidence here suggests that the enhanced a-waves are signals from S cones and that these S cones are behaving in a way that is quantitatively consistent with normal cones. The argument is as follows.
The leading edge of the a-wave in response to the blue flash must be driven by a receptor containing a pigment with the spectral characteristics of the normal S cone pigment. There is no evidence of a contribution from a rod containing rhodopsin. The responses to the blue and white flashes matched for S cone pigment effectiveness are very similar and dark adapting the eye has little effect on the size of the response. Further, the maximum L/M cone response in the patients is <60/~V. Thus, these cones cannot be contributing more than 10% of the response in the case of patients P1 and P3, and 15% in the case of P2. In fact, based upon the responses to the orange and red flashes (Figs 1 and 2) , we can say that the L/M cone contribution to the response to the blue flash cannot be more than a few percent of the response. The S cone pigment responsible for the large a-wave could logically be in a receptor that adapts like a cone but has the morphology of a rod, or in a receptor with the morphology of a cone. The evidence supports the latter. Our most important finding is that these a-waves, driven by an S cone pigment, have the waveforms associated with a normal cone, rather than rod, responses. In particular, the equation previously shown to fit the normal L/M cone a-wave fits the S cone driven a-waves of the ESCS patient. The leading edge of the cone response is, in general, more gradual in slope than is the leading edge of the rod a-wave. This is reflected in the equation used to fit these responses.
[The Naka-Rushton of equation (1) produces a more gradual leading edge than the saturating exponential of equation (2).] The difference in slope between the rod and the cone a-waves is due to the difference in morphology of the cone and rod outer segments. The cone disks make contact with the extracellular space resulting in a greater outer segment membrane. The capacitance of this extra membrane slows the cone response relative to the rod (Lamb & Pugh, 1992) . In fact the cone a-wave can be fitted by a model that includes the same transduction stages as in the rod [equation (2)] followed by low-pass filtering attributable to the capacitance effect of the extensive cone membrane (Hood & Birch, 1993a , 1994b .
(Technically the outer membrane of both the rod and cone acts like a RC filter which has a considerably longer time constant in the case of the cone.) This more complicated model fits slightly better than the computationally simpler model of equation (1) (Hood & Birch, 1994b) . Thus by showing that the S cone a-wave acts like a normal L/M a-wave, we have evidence that the receptors generating these a-waves are likely to have the morphology of cones.
Is it reasonable to expect human S cones to produce a-waves that have a similar form to those of the L and M cones? The a-waves from human S cones are too small to measure reliably, but a few studies have examined S cone driven b-waves (van Norren & Padmos, 1973; Sawusch, Pokorny & Smith, 1987; Gouras & MacKay, 1990; Swanson, Birch & Anderson, 1993) . These b-waves are slower than the L/M cone driven b-waves. However, it is unlikely that these ERG differences are caused by the processes determining the leading edge of the a-wave. The leading edge of the a-wave is shaped by the activation phase of transduction and the morphology of the outer segment (see above). And the activation phase is basically the same in all receptors (Lamb & Pugh, 1992) and the morphology of the different cone types is remarkable similar. Further, the three monkey S cones studied by Schnapf, Nunn, Meister and Baylor (1990) had the same kinetics and waveforms as did the L and M cones. Thus, although no one has recorded from human S cones, it is likely that the responses of the normal S cone have the same waveforms as the responses of the L and M cones. FIGURE 7. The first 40 msec of the ERGs from patient P2 and a normal observer elicited by red (W26) flashes. The flash energies were the same for both observers and are expressed relative to zero log relative energy which is 2.41 log cd-sec/m 2. The dashed curves are the fit of equation ( 1 ). The parameters of best fit [log S~ (sec3(cd-sec/m2)q), Rmr3 (#V), td (msec)] were 3.44, --59, 1.9 for P2 and 3.85, -91, 2.1 for the normal observer.
If the a-waves of ESCS patients are generated by S cones, then why are they so large? It is possible that each S cone in these patients generates an abnormally large signal or that post-receptoral cells somehow influence the size of these a-waves. However, based upon a combination of electroretinographic, psychophysical, and densitometric evidence we favor the hypothesis that these patients have retinas with many more S cones. If true, then by making some admittedly strong assumptions we can estimate the number of S cones in the retinas of these patients relative to the number in a normal retina. In particular we estimate that there may be as many as 75 times more S cones in the retinas of these patients than in the normal retina. The logic is the following: we first assume that the maximum response of the normal S cone is the same as that of the normal L/M cone receptor. The relative size of the normal L/M cone response is estimated by first noting that the maximum rod a-wave is about 4 times the size of the maximum L/M cone a-wave (Hood & Birch, 1993a ,b, 1994b . In the present.study, the maximum normal rod a-wave is about 400 #V compared to about 100/~V for the L/M cones. But there are about 20 times more rods than cones in the normal retina. Thus we assume that the individual normal cone contributes about 5 times the signal produced by the individual rod (Hood & Birch, 1994b) . In the normal retina about 8% of the cones are S cones (Curcio, Allen, Sloan, Lerea, Hurley, Klock & Milam, 1991) , thus the normal S cone signal should be about 8 #V. This is consistent with the small S cone ERGs seen in normal subjects (van Norren & Padmos, 1973; Sawusch et al., 1987; Gouras & MacKay, 1990; Swanson et al., 1993) . By further assuming that the maximum response of the individual cones in these patients is the same as in the normal retina, we conclude that a patient like P1 or P3 with a 600/~V S cone signal and a 50 ~V L/M cone signal has 75 times the normal complement of S cones and half the normal number of L/M cones. This number of S cones equals 5.5 times the total number of cones in the normal retina. So, based upon this argument, if all the missing L/M cones are S cones, this leaves little room for the rods. As the inner segment of the peripheral cone is larger than the diameter of the rod inner segment (Wyszecki & Stiles, 1982) , each additional cone would replace a number of rods. Thus, increasing the number of S cones by a factor of 75 at the expense of rods, leaves little room for the rods. This line of reasoning predicts little or no rod a-wave, consistent with the ERGs in these patients.
The hypothesis that the retina of the ESCS patients has many more S cones than the normal retina and these have displaced some L/M cones and many rods is supported by the results of other visual function tests of these patients. The elevated L/M cone thresholds across the visual field of ESCS patients are consistent with a reduced number of L/M cones . And the markedly elevated rod thresholds of more than 3 log units over the entire visual field and the lack of measurable rhodopsin with reflection densitometry are consistent with a large decrease in the number of rods Marmor et al., 1990; Romfin & Jacobson, 1991) . Further, if the S cones are mainly displacing rods, then perimetric measures of behavioral sensitivity of the S cone system might be expected to resemble more that of the rod system than that of the S cones. Interestingly, S cone perimetry in ESCS patients shows a relatively flat distribution of sensitivity across the visual field, a pattern that resembles the normal rod perimetric result and differs from the steeper decreases in sensitivity with eccentricity obtained with S cone and L/M cone perimetry in normal subjects .
We propose that the molecular mechanism in ESCS involves an abnormality in retinal development, specifically an alteration in the differentiation of cone subtypes (Wikler & Rakic, 1991) . Cones have one of the earlier birth dates among retinal cells (LaVail, Rapaport & Rakic, 1993) and it has been hypothesized that the development of L/M cones may depend on a diffusable agent secreted by a small subset of early differentiating cones (Wikler & Rakic, 1991) . Perhaps in ESCS, a mutant diffusable agent leads to the wrong cone subtype with a reduced complement of L/M cones and an excess of S cones, and this alteration influences rod development, which occurs later. Bipolar and Miiller cells have birth dates even later than the photoreceptors (LaVail et al., 1993) and it is interesting to speculate that many of the clinical and functional characteristics in ESCS (e.g. the negative waveform, reduced oscillatory potentials, retinoschisis and vitreous changes) may not be primary disease features but consequences of an earlier abnormality in the complex developmental sequence of the retina.
